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ABSTRACT

Two FORTRAN computer programs for the design of pure ex-

ternal and internal-external expansion plug nozzles are described. The

program output includes the contour of the nozzle and various perform-

ance parameters. This design method is based on simple wave flow

concepts.
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T ECHNICAL MEMORANDUM X- 53019

FORTRAN PROGRAM FOR PLUG NOZZLE DESIGN

SUMMARY

Two FORTRAN computer programs for the design of pure external

and internal-external expansion plug nozzles are described. The pro-

gram output includes the contour of the nozzle and various performance

parameters. This design method is based on simple wave flow concepts.

The IBM program outlined will design optimum plug nozzles; atten-

tion is called to the strong influence of base pressure on optimum plug

nozzle design.

INTRODUCTION

The need for investigation of the application of plug nozzles arose

out of efforts to develop advanced engines for large booster vehicles.

This report answers a portion of that requirement, because it establishes

a capability for plug nozzle design.

Two FORTRAN computer programs are described; these provide

simple schemes for the design of a plug nozzle contour, but become

inaccurate as the axis of symmetry is approached. The theoretical

method is based on simple wave flow concepts described by T. L. Dymond

(Ref. 1 ).

A complete description of the FORTRAN computer programs

(including a derivation of the formula is presented). The ratio of

specific heats may be input either as a constant value or as a function

of Mach number. The thrust coefficient, specific impulse, and dimen-

sionless contour co-ordinates are computed at small increments along

the axis of symmetry.
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DESIGN THEORY

Design of External Expansion Plug Nozzles

In one-dimensional isentropic supersonic flow,

based on throat area can be written as follows:

an area ratio

-- = _ _ i+ Y - M z
A* M Z

y+l

z (y-l)

(i)

where _ is defined as an expansion ratio. ]By rearranging equation

(i), a function can be obtained to calculate exit Mach number:

zf(Me) = Me( _ Z+(y-l) M E
`Z +i

`Z+I

z(`z -i)
(2)

Expanding this function in a Taylor's ser_s:

AM z

f(M e + AM) = f(M e) + f1(M e)AM + f"_M e) 2'

AM n

+ ....... + fn(Me ) n! + ........
(3)

where:

f' (Me)= C-Me[ z

1
+ (`Z - 1) MeZ/

]

3-`Z

z (,z-1)

Truncate equation (3) at the first two terms,

value Mes t for M e , and solve for a AM:

f(Mest o)

AM o = _f, (Mesto)

and assume a

(4)

A new approximation for M e is:

Mes t = M + AM ° (5)est o
!

By carrying on this process until AM is within the desired limit,

the exit Mach number can be obtained.



From the Prandtl-Meyer relation, a total flow turning angle can
be calculated by using the following equation:

+ _ 7-1 z _ _ z
Pe = _ tan -I _-_ (M e - I) - tan I (M e - I) (6)

From the geometry of FIG I, the following relations of throat
gap can be obtained:

a = ht cos8 (7)

b = ht sin6 (8)

Rt= Re - ht sin8

At= Ir(R e - Rt) [a z+ (Re

= _ ht (Z R e - h t sin6)

(9)

- Rt) z g (I0)

or

2

_Re= _h t (2 R e - h t sin6)
e

Solving the dimensionless parameter, ht/l_ e, in (1 I),

(II)

1

h__/_ = ¢ - [e'(e - sin 6)] x (12)

R e e sin 6

The optimum thrust coefficient, CFopt, can be calculated from the
following equation.

.t.

r_ V e _ (0tAtVt) V e _ 0tVtVe _ 0tVt z M e (13)

CF°P t- Pe At - PeAt - Pe - Pe

"By the definition of the velocity of sound in a perfect gas

3_ Pt (14)
V t =

Pt

4
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Equation (13) can be reduced to:

CFopt
= y Me Pt

_+i

2(y - 1)

= M 2

1

(15)

The following procedure of calculation is for determining the

plug contour. The Mach number on the plug surface is increased

from M x = 1 at the throat to M x = M e at the tip by regular incre-

ments Min.

M e - 1

Min - N

M x = i + X Min

The area of the revolved expansion wave is given by:

l

(Re _ Rx ) [Xx2 + (Re _ Rx)Z] 2

From the geometry of FIG 2

R e - R x

tan _ x X
x

Solving equations (18) and (19),

(Re 2 - Rx z)
Ax = sin @x

one obtains:

From the geometry of FIG 2

qbx = Pe - Ux + _x

Substitute equation (21) into (20),

Z Z

7r (R e -Rx )A -
x sin (V e Vx + _Xx)

(16)

(17)

(18)

(19)

(z0)

(Zl)

(22)

5
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The mass flow through the revolved expansion wave is:

mx = Px Ax Vx sin bLx

The mass flow through the throat is:

mt= Pt At Vt

The mass flow through these two sections should be equal;

therefore, A x can be determined as follows:

(23)

(24)

P-it At
PeA =

x

p__x- Vx__ sin _x
Pe V t

Equations (20) and (25) are then solved for Rx:

T+I

I( )t x )l )2 i 7-1

l_x - 1 - + _ M sin (Ve-_x+ btx)

R e c

Once R x value is determined, X x can be calculated by using

equation (19).

The pressure ratio at point X can be calculated by using

the following relationship:

Px T21
- 1+_ Mzx

The cumulative thrust is made up of the momentum flux

and the pressure thrust at the throat surface plus the pressure

integral down the plug to the point in question

F = m t V t sin6 + (Pt - Pa ) At sin6 +f(Px Pa ) dA._ X

(25)

(26)

(27)

(28)

6
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The corresponding specific impulse is:

r_t V t sin6 (Pt - Pa) At sin6

Is = +

l_-t Pt A t Vt

( Px - Pa)
Pt At Vt

(29)

V t sin6 (Pt - Pa)

= V t sin6 + 7 Pt +

Pt--

Pt

Pe Vt _(Px - Pa) " dA

pt7Pt J Pe At

Pt

(30)

Vt sin 6 [ 1 - P(w)(P_)]. + Vt (Pp_---)V t sin6 + 7 7

(Px - Pa ) dA
Pe At

Using isentropic relations and writing the last term in finite difference

form

Is = V t sin6 l+- 5-

7

n=l

7+1

7

2

(31)

The vacuum thrust coefficient is:

_4t Vt sin6 Pt At

CFva c

sin6

Px dA
+

Pe At

Px dA+ Pe Ax

(32)
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(equation 32 continued)

7

2 T-i

(7 + i)sin6 +_ 2 +i I-" i i. _ i

n=l " n-i -I

8



Design of Internal-External Expansion Plug Nozzles

The following assumptions are made: (1) the internal expansion

occurs as a simple wave expansion; (Z) the external expansion occurs as

a center simple wave or Prandtl-Meyer expansion about the lip of the

shroud.

Equations (Z), (3), (4), (5), and (6) are used to calculate the exit

Mach number and the total flow turning angle. If the pressuze ratio at

the end of internal expansion, Pei/Pe is specified, the Mach number

at the end of internal expansion can be determined by using the follow-

ing equation: -T-i ½

Mei= "Y_L_Po /

The internal flow turning angle can be obtained from the Prandtl-Meyer

relation:

"y + 1 z "y-1 _ -I )½
Pei = 7 - i tan-i 7+1 (MeiZ -i) -tan (Mei z -I

(34)

The slope of the last internal expansion wave is:

_ei = Oei + _ei (35)

where:

@ ei = 0t - _ei

Since point P, the origin of the last internal expansion wave, is

located on the plug contour, equations (19) and (Z6) can be used

to calculate its co-ordinates:

Te 1- •

I'+1

sin q5ei ]

(36)

(37)

9
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Xp

Re

R
p i

R e

tan _ei

The first part of the contour calculation is similar to those

of the previous section:

Mei - 1

Min - N
l

M x = i+ xMin

The Prandtl-Meyer angle at any location is now calculated
from:

1 1

I/_J tan- 1 "y -1 2 . - I Z 1= _ (M x -1) -tan (M x -1)z/)x

The flow of point P is assumed to be perpendicular to the

radius of the circular arc contour. The central angle, Bx,
can be obtained from:

Bx = _t - 90° - Vx+IOel

The chord length is equal to:

Lx Rr 1

R---_= 2_ sin -_--_x

From the geometry of FIG 3:

_ax =180 - qbt+p x. 2
180 - Bx

The co-ordinates of the point X
1

following equations:

can be determined from the

=__RP + L x sin_ax

R e R e R e
and

Xp L xXx 1 =

R R R
e e e

COS ,_.,X

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

i0



The derivation of the calculation of point X
Z

that used in equation (26).

is similar to

Rx 2

Re

I

_+i

Ii l: 1+ i + _ M x sin _x
(47)

Xxz _ Xx:

Re Re

where:

R
Re Re

÷

tan _x

_x = Z Nei - _e - _x + _x

Equation (ZT) can be used to calculate the pressure ratio at

and X When M x has been incremented from M x =ipoints X I

to M x=Mei, theZdesign of the internal portion of the nozzle is

complete.

The external portion can be designed using the following

relations:

(i) The last expansion wave from the initial circular arc

contour at point P is a member of a family of left runnin_ waves

and intersects the lip of the shroud as shown in FIG 4.

(2) The remaining expansion to the exit Mach number occurs

about the lip of the shroud and is made up of a family of right-

running expansion waves.

(3) Flow properties on the first of the right-running wave

are equal to those on the last left-running wave.

(4) The external contour is determined in the same manner

as for a pure external expansion nozzle.

(48)

(49)

11



The cumulative thrust is computed by considering the

momentum flux and pressure thrust at the first right-running

external expansion wave and the pressure integral on the

remainder of the plug.

F x = m t Vq cos 0q + (Pq - Pa) Aq sin_q +[ (Px-Pa) dA

Fx

Isp= rn--%

= Vq cos @q +(Pq - Pa) sin +q + f(__Px_- Pa) HA
pq Vq J Pt At Vt

= Vq cos Oq +_- 1 - (1 +_ M Mq z

(50)

(51)

where:

Vq =

%

and

V t =

Vt T+ 1

Y
Nz

_t P_
n=l

KR
ZT e (i + M e )

Z

lq- _2_Mq

1
2

Te (1 +

1

y-i [1 g

T MeZ

x+___!
Z

12
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The cumulative vacuum thrust coefficient can be calculated

as follows:

CFva_cx -
Pt VqcoS@q + E I- +

Pe Vt "_e \ Re/ At

= _(-_) cos eq+_-_T 1-kP'e/

[( ):
n=l

13

Ii U _1I II III IS 1/ I_ E 1/ t/ i/ ti 11_ 11 11 1_ K E [,



THE FORTRAN PROGRAMS

Outline of External Expansion Plug Nozzle Design

This program was used to compute the example of design nozzle

contours shown in FIG 5. The vacuum thrust coefficient and vacuum

specific impulse distributions along the plug axis are shown in FIG 6

and FIG 7.

INPU T:

OUTPUT:

14

(i) Estimated exit Mach number (obtained from isentropic

flow tables based on the expansion ratio and the ratio

of specific heats)

(2) Expansion ratio

(3) Number of contour points

(4) Gas constant

(5) Exit temperature

(6) Atmosphere pressure ratio

(7) Constant of proportionality in Newton's second law

(8) Ratio of specific heats (constant or variable)

(I) Angle between plug axis and sonic line

(2) Width of throat gap

(3) Optimum thrust coefficient

(4) Mach number distribution

(5) Co-ordinates of plug contour

(6) Pressure ratio at each point

(7) Cumulative vacuum thrust coefficient

(8) Cumulative specific impulse

(9) Cumulative vacuum specific impulse

El IJ _IJ IJ E U. U. .L /_ ./,,i .U ;: U._ 11 .... 11 R _ g L 1_



Outline of Internal-External Expansion Plug Nozzle Design

This program has been used to Compute a few examples. The

results of design nozzle contour are shown in FIG 8. The vacuum

thrust coefficient and vacuum specific impulse distributions along the

plug axis are shown in FIG 9 and 10 respectively.

INPUT: (1)

OUTPUT:

(z)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(1o)

(ll)

(1)

(z)

(3)

(4)

(5)

(6)

Number of internal contour points and external

contour points

Pressure ratio at end of internal expansion

Expansion ratio

Radius of internal circular arc contour

Estimated Mach number

Angle between plug axis and Prandtl-Meyer

expansion wave at throat

Gas constant

Exist temperature

Atmosphere pressure ratio

Constant of proportionality in Newton's sedond law

Ratio of specific heats (constant or variable)

Mach number distribution

Co-ordinates of nozzle contour

Pressure ratio at each point

Cumulative vacuum thrust coefficient

Cumulative specific impulse

Cumulative vacuum specific impulse

15
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FLOW CHART OF EXTERNAL EXPANSION PLUG NOZZLES DESIC._N

START

Read RM, XP, N,

R, TE, PAPC, G,

GAMA

Compute RM ]

16

Compute CFO

DELTA, HT, VACIM

SPIM, SUMIM, SUMVA

XM= 1.0

= XM + DRl_

Compute RXRE, XXRE,

PXPC, SUMCG, SUMIM

SUMVA

END

No



FLOW CHART OF INTERNAL-EXTERNAL

EXPANSION PLUG NOZZLES DESIGN

START

Read N1, NZ, PEIPC,

XP, RRRE, RM, PHT,

R, TE, PAPC, G

Compute
RM

Compute

RPRE, XPRE,

RMEI

XM= 1.0

.

Compute

RXI RE, XX1RE,

RXZRE, XXZRE

I

_'- XM = XM+ DRlV

77
(1 on pagel8 )

17



Compute RXRE,
XXRE, SUMCG,
SUMIM, SUMVA

P

Yes

END

No

= XM + DRM

18
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Section of Sonic Surface

Lip of Shroud

Rt

FIG 1 - External Expansion Plug Nozzle ThroatConfiguration

19
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To Lip

Prandtl-Meyer Expansion

Wave through Point x

e x

R
e

I

I

point x on

plug surface

-_ Plug axis

FIG 2 - External Expansion Plug Nozzle

2O
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Section of Sonic Surface

V x

0x

P of

X

R

FIG 3 - Internal Portion of Internal-External

Expansion Plug Nozzle

Left Running Expansion Waves from

initial Circular Arc Contour

Section of Sonic _

/Flow Boundary at Optimum

/Lip of Shroud / Expansion

g Expansion Waves from Lip

FIG 4 - Internal-External Expansion Plug Nozzle
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IO0

FIG7 - Vacuum Specific Impulse Distribution Along the Axis of External Expanslon Plug Nozzles
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LIST OF FORTRAN PROGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

C

C

C

IOl

DESIGN OF EXTERNAL

(NPUT GAS=+I.O

CNPUT GAS=-I.O

DIMENSION

READI,RM

RE£DI,GAS

FORMAT(F4.0)

PRINT47,RM

WHEN DEALING

WHEN DEALING

HM(30),GAM(30)

EXPANSION PLUG NOZZLES

WITH IDEAL GAS

WITH REAL GAS

47 FORMAT(IHI,8HESTIMATE,IX,4HMACHtlX,6HNUMBER,IH=,FIO.5)

READ2,XP,N

2 FORMAT(FIO.O,14)

PRINTIO2,XP

I02 FORMAT(IHK,9HEXPANSIONI£Xt5HRATIO, IXtIH=,FIO.5)

REAO60,RtTE,PAPC,G

60 EORMAT(4FIO.O)

PRINTSI,R

_I FORMATIlHK,3HGAS,IX,8HCONSTANTtIX,IH=,_I4.7)

PRINT6I,TE

61 FORMAT(IHK,4HEXIT,IX,IIHTEMPERATUREtlX,IH=,EI4.7)

PRINT53,PAPC

27



LIST OF FORTRAN PROGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

C

53 FORMAT(IHK,SHPA/PC,IXtlH=,EI4.7)

IFIGAS)4,4,10

IO REAO3,GAMA

3 FORMAT(FS.0)

PRINT 45

45 FORMAT(IHK,SHUSING,IX,SHIOEAL,IX,3HGAS)

PRINT49,GA_A

49 FORMAT(IHK,IX,4HGAMA,IX,IH:,F5.2)

GO TO 9

REAL GAS HAS TO INPUT NT VALUES OF THERMODYNAMIC DATA

4 REAOS,NT

5 FORMAT(14)

PRINT 46

46 FORMAT(IHK,SHUSING,LX,4HREAL, IXt3HGAS)

DOSI=I,NT

REAO6tHM(1),GAM(1)

6 FORMAT{2FIO.7)

8 CONTINUE

9 CONTINUE

13 IF(GAS)30,31t31

28



LIST OF FORTRAN PROGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

30

34

33

32

3i

12

DO34J=I,NT

1=J

[F(RM-HM(J))32,33t34

CONTINUE

GAMA=GAM(1)

GO TO 31

GAMA=GAM(I-I)+{RM-HM(I-I))*(GAM(1)-GAM(i-I))/(HM(1)-HMII-I))

FME=(2.0+(GAMA-I.O)*RM*RM)/(GAMA+I.O)

COM=(GAMA+I.O)/(2.D*(GAMA-I.O))

FME=RM*XP, FME**COM

FPM=(2.0_(GAMA-I.O)*RM*RM)/(GAMA+I.O)

COM_(B.O-GAMA)/(2.0*{GAMA-I.O))

FPM=XP-RM*(FPM**COM)

DM=-FME/FPM

RM=RM+DM

DM=ABSF(DM)

[F(DM-O.O000I)I2,12,13

CONTINUE

A=SQRTF((GAMA-I.O)*(RM*RM-I.O)/(GAMA+I.O))

B=S_RTF((GAMA+I.O)/(GAMA-I.O))

)

29
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LIST OF FORTRAN PROGRAM

DESIGN UF EXTERNAL EXPANSION PLUG NOZZLES

C:SQRTF(RM*RM-I.O)

C:ATANF(C)

VE=B*ATANF(A)-C

OELTA=I.570796-VE

SUMCG=((2.0/(GAMA+I.0))_*(GAMA/(GAMA-I.)))*(GAM_+I.)*SINF(OELTA)

HT=(XP-SQRTF(XP*(XP-SINF|0ELTA))))/(XP*SINF(DELTA))

AI=(GAMA+I.O)/(2.O.(GAMA-I.O))

BI=S_RTF(I.O+O.5*(GAMA-I.O)_RM*RM)

CFO_GAMA*RM*((2.O/(GAMA+I.O))**AI)/BI

PCPT=(O.5*(GAMA+I.O))**(GAMA/(GAMA-I.O))

VT=I.0+O.5_(GAMA-I.O)*RM*RM

VT=GAMA_R*TE_VT/(O.5*(GAMA+I.O))

VT=VT*G

VT=SQRTF(VT)

SPIM=(I.O-PCPT*PAPC)/GAMA

SPIM=I.O+SPIM

SUMIM=VT*SINF(DELTA)*SPIM/G

VACIM=I.O+I.O/GAMA

SUMVA=VT*SINFIDELTA)*VACIM/G

PRINT 15
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LIST OF FORTRANPROGRAM

DESIGN OF EXTERNALEXPANSIONPLUGNOZZLES

•15 FORMAT(IHK,5HDELTA-,9X,5HHTIRE,9X,5HCFOPT)

PRINT 16,,DELTA,HT,CFO

16 FORMAT(IHK,3E 14.7)

XN=N

DRM=(RM-I.O)/XN

XM=I.O

K=I

RXRE=I.O-HT_SINF(DELTA)

XXRE={-HT)*COSF(DELTA)

IF|GAS)38t39,39

38 DO 37J=I_N3

I=J

|F(XM-HM(J))35,36,37

37 CONTINUE

36 GAMA=GAM(1)

GO TO 39

35 GAMA=GAM{I-I)+(XM-HM{I-I))*(GAM(1)-GAM(I-I))/{HM{I)-HM(I-I))

3g A3={-GAMA)/(GAMA-I.O)

pXpc=(I.O+O.5*(GAMA-I.O)*XM*XM)**A3

PRINTI7

31



LIST OF FORTRAN PROGRAM

DESIGN OF EXTERNAL EXPANSION PLUG NOZZLES

170FORMAT(IHK,4HMACH,IOX,5HRX/RE,9X,SHXX/RE,gX,5HPX/PC,gX,SHCFVAC_

19×_3HSP.,IXt7HIMPULSEt3X,4HVAC.tIX,7HIHPULSE)

GO TO 22

14 K=K+I

50 IF(GAS)41,40,40

41 DO44J=I,NT

I=d

IF(XM-HM(J))42t43,44

44 CONTINUE

43 GAMA=GAM(1)

GO TO 40

42 GAMA=GAM(I-I)+(XM-HM(I'I))*(GAM(1)-GAM(I-I))/(HM(1)-HM(I-I))

40 A=SQRTF{(GAMA-I.O)*(XM*XM-I.O)/(GAMA+I.O))

B=SQRTF((GAMA+I.O)/IGAMA-I.O))

C=SQRTF(XH*XM-I.O)

C=ATANF(C)

VX=B*ATANF(A)-C

Y=I.O/XM

UX=ATANF(Y/SQRTF(I.O-YtY))

A2=(GAHA+I.O)/(2.0*(GAMA-I.))

32



LIST OF FORTRANPROGRAM

DESIGN OF EXTERNALEXPANSIONPLUGNOZZLES

B2=(2.0/(GAMA÷I.O))*(I.O+O.5*(GAMA-I.O)*XM*XM)

RXRE= I.O-(B2**A2)*SINF(VE-VX+UX)/XP

RXRE=SQRTF(RXRE)

52 XXRE={I.O-RXRE)*COSF(V_-VX+UX)/SINF(VE-VX+UX)

A3=(-GAMA)/(GAMA-I.O)

PXPC=(I.O+O.5*(GAMA-I.O)*XM*XM)**A3

SUMCG=SUMCG+O.5*XP*(PRO+PXPC)*(RXO*RXO-RXRE*RXRE)

CO=PCPT*VT*XP/(G*GAMA)

SUMIM=SUMIM+O.5*CO*(PRO+PXPC-2.0*PAPC}*(RXO*RXO-RXRE*RXRE)

SUMVA=SUMVA+O.5*CO*(PRO+PXPC)*(RXO*RXO-RXRE*RXRE)

22 PRINTIG,XM,RXRE,XXRE,PXPC,SUMCG,SUMIM,SUMVA

18 FORMAT(IHKtlE£4.7)

IF(K-N)I9,Ig,.20

19 XM=XM+DRM

PRO=PXPC

RXO=RXRE

GO TO 14

20 PRINT21

21 FORMAT(IHK, 8HEXTERNALtlXtgHEXPANSION,IX,6HNOZZLE,IX,THCONTOUR)

GO TO IOi
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LIST OF FORTRANPROGRAM

DESIGNOF EXTERNALEXPANSIONPLUGNOZZLES

ENO
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LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

C DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLES

C iNPUT GAS=.+I.O WHEN DEALING WITH IDEAL GAS

C iNPUT GAS=-I.O WHEN DEALING WITH REAL GAS

D[MENSION HM(30)tGAM(30)

.I01READ_5_II) NI_N2

:If FORMAT(21.4)

READ(5_X )GAS_PEIPCtXP_RRREtRM_PHT

I FORMAT(6FIO.O)

WRITE (6,52) PEIPC

52.FORMAT(£H£,6HPEI/PCtlX_IH=,E14.7)

WRITE 16t53) XP

53 FORMAT(£HO,gHEXPANSIONtlX,SHRATIOtlX_IH=_FIO.5)

WR.ITE {6t.54) RRR6

54 FORMAT(1HOtSHRR/REtlX_IH=_EI4.7)

WRITE (6t55) RM

55 FORMAT(IHO_8HESTIMATE_IX_4HMACHtlX,6HNUMBERIIX,IH:_EI4.7)

WRITE (6,,56) PHI

56 FORMAT(IHO,3HPHT,1X,IH=,EI4.7)

k READ(St66} R_,TE_PAPC_G

66 FDRMAT(4FIO.O)

36



LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

WRITEI6,67) TE

67 FORMAT(IHO_4HEXITtLX_ILHTEMPERATUREtlX,IH=tEL4-7)

WRITE(6,,68) PAPC

68 FORMAT(IHOtSHPA/PC_IXtIH=tEI4"7)

IF(GAS}4_4v2

2 READ{St.3) GAMA

3 FORMAT(FS.0)

WRITE [6,.57)

57 FORMAT(1HO,SHUSINGtlX,SHIDEALtlXt3HGAS)

GO TO 8

4 READ(5,5) NT

5 FORMAT(I,4)

DOTI=ItNT

READ(5_6) HM{I)_GAM(1)

6 FORMAT{2FIO.7)

7 CONTINUE

WRITEI6tSL)

51 FORMAT(IHOt5HUSINGtlX.t4HREALtlXt3HGAS)

8 CONTINUE

34 [F(GAS)_O_9_9

3?
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LiST OF FORTRANPROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

4"

30 DO 31 J = I, NT

l=.d

[FIRM-HMIJ))33,32,31

31 CONTINUE

_2 GAMA=GAM{I)

GO TO 9

33 GAMA=GAM[I-1}+(RM-HM|I-1))_[GAM[I)-GAM{I-1))/(HM[I)-HM{I-1))

9 FME_I2.0+(GAMA-I.O)_RM_RM)/IGAMA+I.O)

COM_{GAMA+I.O)/I2.*{GAMA-I.O))

FME=RM*XP-FME**COM

FPM=[2.0+{GAMA-I.0)*RM*RM)/(GAMA+I.O)

COM_(3.0-GAMA)/(2.0*(GAMA-I.O)}

FPM=XP-RM*(FPM**COM)

DM=-FME/FPM

RM=RM+DM

DM = ABS(DM)

_F(DM-O.O0001)IO, IO,34

10 CONTINUE

A={GAMA-I.O)_[RM*RM-I.O)/[GAMA+I.O)

A=SQRT (A)

38



LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

A=ATAN (A)

B=SQRT ((GAMA+I.O)/(GAMA-I.O))

C=SQRT (RM*RM-I.O)

C=ATAN {C)

VE=B*A-C

RMEI=PEIPC**{(I.O-GAMA)/GAMA) "

RMEI=(2.0/(GAMA-I.))*(RMEI-I.O)

RMEI=SQRT (RMEI)

IF(GAS}36t35,35

•36 DO 37 J = I, NT

_=J

[F(RMEI-HM(J))39,38,37

37 CONTINUE

38 GAMA=GAM(1)

GO TO 35

3g GAMA=GAM(I-I)+(RM-HM(I-I))*(GAM(I)-GAM{I-I))/{HM{I)-HM(I-I))

35 A=(GAMA-I.0)*(RMEI*RMEI-I.O)/{GAMA+L.O)

A=SQRT (A)

A=ATAN (A}

8=SQRT ((GAMA+I.O)/(GAMA-I.O))

89



LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

C=SQRT (RMEI*RMEI-I.O)

C=ATAN IC}

VEI=B*A-C

Y=I.O/RMEI

UEI=ATAN {Y/SQRT {I.O-Y*Y))

THEI=VEI-VE

PHEI=THEI+UEI

C CALCULATE THE ORIGIN OF THE LAST INTERNAL EXPANSION WAVE

AI=(2.0/(GAMA+I.O})*(I.O+O.5*(GAMA-I.O}*RMEI*RMEI)

AI=AI**((GAMA+I.0)/(2.0*(GAMA-I.O)))

BI=@IN (_HEI)

RPRE=SQRT (I.O-AI*BI/XP}

_PRE=IRPRE-I.O}*COS.(PHEI}/SIN {PHEI)

XNI_NI

DRM={RMEI-I.O)/XN1

K=O

KM=I.O

WR_TE(6_IT)

170FORMAT|IHOt4HMACH,IOXt6HRXI/REtBXt6HXXI/RE_8X_6HRX2/REtBXt6HXX2/RE

lj8x,SHPX/PC)

40
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LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

44 IF|GAS)40,12,12

40 DO 43 J = I, NT

[=J

IF{XM-HM(J))41,42,43

43 _ONTINUE

42 GAMA=GAM(1)

GO TO 12

41GAMA=GAM{I-I)+(XM-HM(I-I))*(GAM(I}-GAM(I-I))/{HM(I)-HM(I-I))

12 A:(GAMA-I.O)*IXM*XM-I.O)/(GAMA÷I.O)

A=SQRT (A)

A_ATAN (A)

BzSQRT ({GAMA÷I.O}/{GAMA-I.O})

C-SQRT (XM*XM-IoO)

£'ATAN {C)

YW=A*B-C

BX=PHT-I.570796-VX+ABS {THEI)

gLRE=2.0*RRRE*SIN {O.5*BX)

PSI_3.1416-PHT+VX-O.5*(3.1416-BX)

RXIRE=RPRE+XLRE*SIN (PSI)

KXlRE_XPRE-XLRE*COS {PSI)

4L
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LIST DF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

IF(K)62_60,62

60 RX2RE=SQRT (RXIRE*RXIRE+SIN (PHT)/XP)

KX2RE=XXIRE+(RX2RE-RXIRE)*COS (PHT)/SIN {PHT)

GO TO 6I

62 UX=ATAN (I.OI{XMtSQRT {I.O-(I.OIXM)**2)))

PHX_2.0*VEI-VE-VX+UX

A2=(2.0/(GAMA+I.O))*{I.O+O.S*(GAMA-I.O)*XM*XM}

B2=O.S*(GAMA+I.O)/(GAMA-[.O)

RX2RE=SQRT {RXIRE*RXIRE+{A2**B2)*SIN {PHX)/XP)

XX2RE=XXIRE+(RX2RE-RXIRE)*COS (PHX)/SIN (PHX)

61PXPC=(I.O+O.S*{GAMA-I.O)*XM*XM)**(-GAMA/(GAMA-I.O))

WRITE|6,I3)XM,RXIRE_XXIREtRX2REtXX2RE,PXPC

13 FORMAT(IHO,6EI4.7)

K=K+I

_F(K-NI)I4tI4,15

14 XM=XM+DRM

GO TO 44

15 WRITE(6_I6)

160FORMAT(IHO,8HCNTERNALt, IX,.THPORTION,1X,2HDF,IX,3HTHE,IX,6HNOZZLE,IX

I_2HIS,IX_8HCOMPLETE)

42



LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

#

C DESIGN OF EXTERNAL CONTOUR

WRITE(6_I8)

180FORMAT(IHO,4HMACH, LOXtSHRX/RE,gXtSHXX/RE,gXtSHPX/PC,gX_SHCFVAC

19Xt3HSP._IX,IHIMPULSE,2X,4HVAC.,IX,/HIMPULSE)

UX:ATAN {L.O/(XM*SQRT (I.O-(I.O/XM)**2}})

A:SQRT ((GAMA-I.O)*(XM*XM-I.O)/(GAMA+I.O})

A:ATAN (A)

B-SQRT ((GAMA+I.O)/(GAMA-L.O))

C=SQRT (XM*XM-I.O)

C=A[AN (C)

VX=B*A-C

RXRE=(2.0/(GAMA+I.O))*(I.O+O.S_(GAMA-I.O)*XM*XM)

RXRE=RXRE**((GAMA+I.O)/(2.0*(GAMA-I.O)))

RXRE=I.O-RXRE*SIN (VE-VX+UX)/XP

RXRE=SQRT (RXRE)

XXRE=(1.0-RXRE)*COS (VE-VX+UX)/SIN (VE-VX+UX)

CI=(2.0/(GAMA+I.O))**{GAMA/(GAMA-L.O))

C2=SQRT ((0.5*(GAMA+I.O}*XMeXM)/(I.O+O.Se(GAMA-L.O)*XMeXM))

SUMCG=GAMAeCI*C2*COS (THEI)+XP*PXPC*(£.O-RXRE*RXRE)

VT=TE*(I.O+O.5*(GAMA-L.O)*RMeRM)

;3
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LIST OF FORTRANPROGRAM

DESIGN OF INTERNAL-EXTERNALEXPANSIONPLUGNOZZLE

19

VT=GAMA*G*R*VT/(O.5*(GAMA+I.0))

VT=SQRT (VT)

VQ=T_*(I.O+O.5*(GAMA-I.0}*RM*RM)

VC=I.0+O.5*(GAMA-I.0)*XM*XM

VQ=GAMA*R*G*VQ/VC

VQ=SQRT (VQ)

A=L.O+O.5*(GAMA-I.O)*XM*XM

B=-GAMA/(GAMA-I.O)

A=A**B

C=I.O-PAPC*A*SIN (PHEI)/(XM*XM)

D=COS (THEI)+C/GAMA

SUMIM=VQ*D/G

CO=COS (THEI)+I.O/GAMA

SUMVA=VQ*CO/G

WRITE(6,[9)XM,RXRE,XXRE,PXPC,SUMCG,SUMIM,SUMVA

FORMAT(IHO,7EI4. I)

KI=I

XN2_N2

DRMm(RM-XM)/XN2

XM=XM+DRM

44



LIST OF FORTRANPRL]GRAM

DESIGN OF INTERNAL-EXTLRNALEXPANSIONPLUGNOZZLE

PRO_PXPC

RXO_RXRE

50 DX=ATAN{I.O/(XM*SQRT (I.O-(I.O/XM)**2)))

IF(GAS)46,45,45

46 DO 49 J = 1, NT

I:J

IFIXM-HM(J))47,48,49

49 CONTINUE

48 GANA=GAM(I)

GOTO 45

47 GAMA=GAM(I-I)+(XM-HM(I-I))*(GAM(g)-GAM(I-I))/(HM(1)-HM(I-I))

45 A=SQRT((GAMA-I.O)*(XM*XM-[.O)/(GAMA+I.O))

A=ATAN (A)

B=SQRT((GAMA+I.O)/(GAMA-I.O))

C=SQRT(XM*XM-I.O)

C=ATAN (C)

VX=B*A-C

RXRE= (2oO/(GANA+[.O))_(I.O+O.5*(GAMA-I.O)*XM*XN)

RXRE=RXRE**({GAMA+I.O)*O.5/(GAMA-I.O))

RXRE=SQRT (I.O-RXRE*SIN (VE-VX+UX)/XP)

45
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c_ST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

65 XXRE=(I.O-RXRE)*COS {VE-VX+UX)ISIN (VE-VX+UX)

PXPC=II.O+O.5_{GAMA-I.O)*XM*XM)t*I-GAMAI{GAMA-[.O))

SUMCG=SUMCG+O.5*XP*(PRO+PXPC)*(RXUIRXO-RXRE*RXRE)

A=GAMA/(GAMA-I.O)

A=[O.5*(GAMA_I.O))t*A

A=A*VTI(GAMA*G)

B=O.5*A*XP

SUMIM=SUMIM+B*(PRO+PXPC-2.0tPAPC)*(RXO_RXO-RXRE*RXRE)

SUMVA=SUMVA+B_(PRO+PXPC)*(RXO*RXO-RXREtRXRE)

WRITE(6,21)XMpRXRE,XXRE,PXPC,SUMCGtSUMIM,SUMVA

21FORMAT{IHO,7EI4.7)

[F(KI-N2)22,23,23

22 XM=XM+DRM

PRG=PXPC

R×O=RXRE

KI=KI+I

GO TO bO

23 WRZTE16,24)

_40FORMAT(IHO,SHEXTERNALtI×,THPORTION,I×t2HOF,[X,3HTHE,IX,6HNOZZLE,IX

It2HIStIX,SHCOMPLETE)

4G
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LIST OF FORTRAN PROGRAM

DESIGN OF INTERNAL-EXTERNAL EXPANSION PLUG NOZZLE

GO TU lO1

END

4T
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